specific hypothesis being tested. Functional assays of the mature animal following perinatal injury to mimic EoP should ideally test for the array of neurological deficits commonly observed in preterm infants, including gait, seizure threshold and cognitive and behavioral abnormalities. Here, we review the merits of various preclinical models, identify gaps in knowledge that warrant further study and consider challenges that animal researchers may face in embarking on these studies. While no one model system is perfect, insights relevant to the clinical problem can be gained with interpretation of experimental results within the context of inherent limitations of the chosen model system. Collectively, optimal use of multiple models will address a major challenge facing the field today -to identify the type and severity of CNS injury these vulnerable infants suffer in a safe and timely manner, such that emerging neurointerventions can be tailored to specifically address individual reparative needs.
Introduction
Encephalopathy of prematurity (EoP) encompasses the central nervous system (CNS) abnormalities that are associated with CNS injury from preterm birth [1] . While white matter injury of periventricular leukomalacia was previously the most obvious finding on neonatal cranial ultrasounds, over time it has become evident that perinatal complications associated with preterm birth affect not only the developing cerebral white matter but also the entire CNS [1, 2] . In the past two decades in regions with advanced neonatal intensive care unit (NICU) care, a decline in white matter injury severity has occurred with a shift from cystic periventricular leukomalacia to the now more common diffuse white matter gliosis. A concomitant shift in improvement in cognitive and behavioral deficits, however, has not been observed [3] , which supports the concept that EoP involves more than white matter injury. EoP encompasses white matter injury with loss of immature oligodendrocytes and axons, premature loss of subplate, loss of thalamic neurons, impaired thalamocortical connections, and loss of migrating γ-aminobutyric acid (GABAergic) neurons [2] . Despite rapid progress in neuroscience, we still have a relatively limited understanding of how the cellular and molecular CNS injury from preterm birth manifests as the myriad of chronic neurological deficits in children who are born preterm. Causes of perinatal brain injury from preterm birth vary in type and severity, and individual variation in the susceptibility to those diverse insults creates additional complexity. Moreover, a wide gulf exists between the patterns of CNS injury observed emerging from advanced NICUs and the general population of preterm infants worldwide. A major challenge facing the field today is identifying the extent of CNS injury these vulnerable infants are suffering on a molecular level in real time, such that infants can be stratified and receive emerging neurointerventions in specifically tailored and indicated regimens rather than a single regimen for all. Given these challenges of repairing the injured developing brain, models used to test specific hypotheses in preclinical studies to advance the care of these children need to be carefully chosen to adequately mimic the human condition of EoP ( fig. 1 ).
EoP: Clinical Considerations
In 2010, there were approximately 15 million preterm births (gestation <37 weeks) worldwide, and direct complications from preterm birth accounted for approximately 35% of the world's neonatal deaths [4] . Beyond the neonatal mortality, preterm birth extensively alters the trajectory of neurodevelopment and overall health for these children. In the USA, approximately 25% of cerebral palsy (CP) results from preterm birth. As gestational age (GA) decreases, the risk of CP and related comorbidities increases. Indeed, 14% of infants born before 27 weeks' GA develop CP compared to 0.2% of the general population [5] . As former preterm infants become children and young adults, further neurological deficits become manifest. Besides CP and the related but milder developmental coordination disorder, impairments of learning, cognition, memory, executive function, vision, and hearing, as well as epilepsy and psychiatric disorders, are often diagnosed. The risks of these neurological deficits specifically increase for infants born extremely preterm (<28 weeks' GA), with up to 50% experiencing cognitive delay and behavioral problems [3, 6] . Together, these deficits contribute to a lifelong prematurity-related burden of chronic disease and generate significant cumulative individual, familial, social, and economic impact.
EoP has multiple causes [2] , and systemic perinatal inflammation from infection and/or hypoxia-ischemia (HI) is likely to act in concert to potentiate CNS damage from preterm birth. The risks of neurological deficits are higher in preterm infants who are also small for gestational age (weight <10% of that expected for GA) [6, 7] or who have associated perinatal infection [6] [7] [8] [9] . Detailed analyses of placentas from extremely preterm infants show inflammation is more commonly associated with spontaneous early birth [10] , and chorioamnionitis is now recognized as a major cause of spontaneous preterm delivery [11] . While the impact of isolated prenatal HI is challenging to document in humans born preterm, placental perfusion defects compound damage from chorioamnionitis [12] .
Improving Translational Science and Therapeutic Target Identification in EoP
To identify and refine targets for new, effective therapeutic interventions for EoP, it is essential to improve our understanding of how insults in utero and in the perinatal period translate to impaired neurodevelopment. EoP is a constellation of abnormalities that includes diffuse white matter damage and oligodendrocyte loss, axonal injury, premature subplate loss, and neuronal injury to the cerebral cortex, thalamus, basal ganglia, cerebellum, and brain stem [2, 13] . Postmortem samples from human infants with diffuse white matter gliosis show loss of markers of cerebral GABAergic signaling [14] and loss of expression of the neuron-specific potassium chloride cotransporter 2 (KCC2) compared to brains without evidence of white matter injury [15] . Cerebral cortical layer IV KCC2 upregulation and GABAergic subunit maturation is dependent upon sub-plate neuronal survival [16] . The subplate also contributes to cerebral circuit development and white matter tract refinement [17, 18] . Excess subplate gliosis [19] and thalamic neuronal loss [20] have been observed in specimens from human preterm infants with white matter injury, and deficient thalamocortical connections were evident with advanced magnetic resonance imaging (MRI) [21] . On a cellular level, EoP affects the development of all neural elements, including neurons, oligodendrocytes, astrocytes, microglia, and the neurovascular unit, as well as related components, including the extracellular matrix, circuit and network formation. The recent demonstration that myelination of cortical pyramidal neuron axons is likely to be involved in cerebral network development [22] reinforces the concept that the integrated development of all neural elements is crucial to cerebral cortical network formation.
Because of the complex interaction of etiologies, neurodevelopmental time course, intricacy of human network formation, overlapping mechanisms, and diverse phenotypes of CNS injury manifest in human preterm infants, EoP is difficult to model well in animals ( table 1 ). As discussed above, EoP is also challenging to model because multiple cell types are injured, intersecting pathophysiological pathways converge and overlap, and the immune response is also undergoing maturation. There are cell-type specific vulnerabilities (immature oligodendrocytes) [23] and diverse developmentally regulated pathways (subplate, antioxidants, transporters, and receptor subunits) [24] [25] [26] [27] [28] . Preclinical models of EoP need Preclinical models of EoP include preterm deliveries in nonhuman primates and in other mammals chorioamnionitis induced by intra-amniotic or intrauterine endotoxin and/or HI mimicking placental underperfusion. These primary approaches to recapitulating CNS injury associated with preterm birth lead to loss of oligodendroglial lineage cells, axonal injury, premature subplate loss, loss of thalamic neurons, and loss of migrating GABAergic neurons -the key components of EoP. Cumulatively, the cellular and molecular abnormalities manifest as imaging abnormalities, motor deficits, propensity to seizures, and impaired cognition and behavior in the mature brain. EoP leads to CP, epilepsy, cognitive deficits, and behavioral abnormalities such as anxiety, attention-deficit disorder and autism-like behaviors. to replicate the human condition as much as possible by including a prenatal insult that incorporates the maternal-placental-fetal unit, the heterogeneity of mechanisms of CNS injury observed in the preterm infant and evaluation of both gray and white matter damage and recovery. EoP models should also mimic the pathophysiology at the regional, cellular and molecular levels, including the related development of the neuroimmune system. Thus, to best advance translational objectives, ideal preclinical models of EoP need to do the following: (1) include similar mechanisms of prenatal global injury observed in humans and the interaction of various neural cell types through critical developmental periods, (2) address the multiple components of injury evident throughout the CNS and (3) produce a similar spectrum of functional deficits in the mature animal ( fig. 1 ). No one preclinical model is ideal to test every hypothesis ( table 1 ) . Because EoP is difficult to model, it is essential that the experiments be well designed and include proper controls. For example, sham animals should undergo comparable anesthetic and surgical exposure. Especially because of gender differences observed in human clinical studies of outcomes for preterm infants [29] , both sexes of animals should be analyzed for functional outcomes, including both sex-specific effects and the effects on both sexes combined. The challenges inherent to EoP that need to be addressed in models include repair of multiple neural cell types, restoration of the microenvironment to support neural cell development, reestablishment of homeostasis, and realignment of multiple developmental trajectories. Similar to the human condition, individual variation in injury exists between animals and to some degree represents an integral component of an accurate preclinical model. Phenotypic variation following early CNS injury in preclinical models is advantageous because individual variation occurs in humans such as spasticity versus dystonia or mixed motor deficits and varying degrees of cognitive and behavioral impairments. In humans and animals, individual variation in severity, recovery, repair, and treatment response can impact the efficacy of novel therapeutics.
Species: Large or Small Mammals
The choice of animal species used to model EoP impacts the interpretation of experimental data in the context of the inherent limitations posed by the species ( table 1 ). In the simplest terms, birth does not equate to similar points of CNS development across species [30] . Injury to the developing brain from systemic insults and brain injury as a result of early birth are not necessarily the same entity. For example, the rodent CNS at birth, depending on strain (Long-Evans vs. Sprague-Dawley), The timing of injury during gestation has a crucial role in the neurodevelopmental trajectory of the offspring. The spatiotemporal regulation of neural cell developmental stages of proliferation, migration and differentiation differ amongst various mammals [30] [31] [32] , and these cell-specific developmental programs influence the vulnerability to injury. For example, the overlap of the timing of oligodendrocyte lineage and GABAergic neuronal development with the timing of preterm birth makes these cells particularly susceptible to perinatal insults [14, 33, 34] . In rodents, oligodendrocytes proliferate, migrate and differentiate and myelinate primarily from late gestation through the first 2 postnatal weeks [35] , whereas in humans, oligodendrocytes arise during the third trimester and neonatal period and myelination persists over 2-3 years [36] . Oligodendroglial lineage development can be assessed through stage-specific antigens and, although the development of human and animal brains differs in varying degrees of complexity and myelinogenesis, these stage-specific antibodies label similar cells developmentally and biologically across species [23] . The loss of either oligodendrocyte precursor cells or immature oligodendrocytes impacts subsequent myelin formation [37] . With respect to neurons, human GABAergic neurons migrate through the developing white matter and subplate in the third trimester [14, 34] and thus are also vulnerable to insults from preterm birth. Thalamic neuronal development is also altered [20] , although few mechanistic details regarding thalamic neuronal loss have been elucidated thus far. Therefore, to test a specific hypothesis regarding the developmental impact of an injury, maturation of the neural cell type or pathway should be investigated over a broad developmental window as well as in the mature CNS.
In addition to these cellular and developmental considerations, the type of outcome measures being investigated also impacts the choice of species used because functional maturation also varies amongst mammals [30] . While rodents offer practical advantages with respect to available molecular tools, behavioral assessments and resources, larger mammals have gyrencephalic brains with a more prominent subplate, improved gray-to-white matter ratio and a clinical course of illness more similar to human preterm infants. Studies using genetic approaches and outcome measures such as hippocampaldependent memory and cognitive and behavioral assessment after injury are more suitable for rodents. By contrast, larger animals can be instrumented and ventilated and have severity of illness and gray-to-white matter ratio more comparable to human preterm neonates, but larger mammals often require full veterinary NICUs and significant resources. Other important considerations include, but are not limited to, the plasticity of CNS or neural cell at the stage of development being investigated, the pace of recovery and injury to other systemic organs that also impact CNS development and repair. Models in sheep can be advantageous to study the brain injury associated with preterm birth [38] . Sheep afford the opportunity to perform clinically relevant studies of white matter, cerebral blood flow, neuroimaging, and electroencephalography (EEG) that are more difficult in smaller mammals. In addition, chronic instrumentation and vascular access also replicate NICU interventions in human infants. However, functional assessment and outcome in the mature ovine brain has been limited, the ovine genome has not been fully characterized, and the molecular tools available to study ovine brain injury are limited. Specifically, it is unclear whether ovine models recapitulate the motor and cognitive deficits commonly diagnosed in former preterm infants and whether cellular and functional damage is sustained in the mature ovine CNS.
Similarly, porcine models may also offer advantages in mimicking the anatomy and physiology of preterm newborns, but preterm porcine models of CNS injury have not yet been fully characterized. Piglet models have been very useful in the study of resuscitation, hemodynamics, HI encephalopathy, and term brain injury [24, 39] . Piglets can also be delivered preterm via cesarean section between 0.79 and 0.98 GA, with 0.70 GA being approximately equivalent to a human of 25-27 weeks' GA. Like sheep, very young piglets require extensive neonatal care. Not only are full cesarean sections required, but intact animal NICUs are necessary, as piglets born before 0.87 GA are thermo-and hemodynamically unstable and have immature lungs that require ventilation and surfactant [40] . Preterm pigs born at less than 95% gestation also have many of the same organ immaturities as the preterm human infant, including increased sensitivity to necrotizing enterocolitis, respiratory distress syndrome and chronic lung disease of prematurity [41] . These similarities accurately recapitulate the needs of preterm human infants, especially in the early neonatal period.
Nonhuman primate models of the brain injury associated with preterm birth have revealed numerous similarities with preterm human infants. Baboons delivered at 125 days' gestation (0.68 GA) show histological and MRI evidence of white matter loss and ventriculomegaly, concomitant with imaging abnormalities similar to those observed in human preterm infants at term age equivalent, including T2 signal changes, elevated apparent diffusion coefficient, lower relative fractional anisotropy, and higher radial diffusivity values [42] . Importantly, the preterm baboon model differs from other existing animal models in that there is no direct insult applied to the developing brain other than that associated with standard neonatal intensive care and ventilatory support [43] . Thus, the baboon model is unlike the rodent and other mammal models that subject the developing animals to additional insults such as placental insufficiency-induced uterine artery occlusion or inflammation induced by an endotoxin. The combination of having CNS injury evident without an additional insult plus the complex gyral formation of a higher-order species makes this model compelling [43] , especially as diffuse white matter injury without cystic lesions is the most common finding, with hippocampal and gray matter cell loss and EEG and MRI abnormalities. Thus, all of the mammals offer prenatal models of injury and advanced imaging with MRI ( table 1 ) . Moving forward, a reasonable strategy would be to validate injury mechanism and therapeutic interventions in multiple animal models. Rodent models are ideal to provide for rapid, cost-effective access to cellular and molecular mechanisms and target validation, which could then be subsequently confirmed, as necessary, in large animal models such as the instrumented sheep, preterm piglet or nonhuman primate.
Cross-Talk within the Maternal-Placental-Fetal Unit
Infants who are born preterm are at risk for a combination of HI and/or infectious inflammatory insults throughout the perinatal period, and both infection and HI induce inflammatory signaling, both systemically and in the CNS. Many existing animal models can be categorized according to the location of the injury in relation to the maternal-placental-fetal unit. Models in rats, mice, rabbits, sheep, pigs, and nonhuman primates have contributed information from each level of the maternal-placental-fetal system. However, historically, and despite recent advances in understanding the pathophysiology of EoP, injury models in postnatal rodents have been used, even though in utero inflammation or placental underperfusion is not recapitulated. Many, but not all, postnatal rodent models demonstrate focal stroke-like pathophysiology accompanied by cystic lesions in white and gray matter -or severe cell death in the middle cerebral artery vascular territory -in contrast to the diffuse injury and gliosis observed throughout the brain that is commonly observed in preterm infants in current advanced NICUs. However, models of in utero inflammation from inactivated infectious agents and/or placental HI that show cellular, histological and functional deficits similar to those observed in humans exist in rodents [35, [44] [45] [46] , rabbits [47, 48] and sheep [38, 49] . These models mimic the complex maternal-placental-fetal insults that occur in human infants born preterm, which is crucial because chorioamnionitis, placental and amniotic membrane inflammation and placental underperfusion comprise such a large component of human preterm pathophysiology that leads to EoP. Despite these improvements, it is difficult to have preclinical models that are fully representative of every component of EoP. Structurally, rabbits, rats, mice, and higher-order primates like humans have hemochorial placentation with discoid placentas. Sheep, on the other hand, have cotyledonary and epitheliochorial placentas that differ significantly in structure, blood flow, maternal-placental interface, and development. Additionally, actually recapitulating the common clinical scenario in humans of ascending bacterial infections that weaken the amnion and precipitate premature rupture of membranes and/or placental perfusion defects that stress the placental interface and disrupt placental homeostasis is challenging. However, strides have been made to involve multiple components of the maternal-placental-fetal unit and involve in utero inflammation to various degrees. The type of bacterial or viral infection, along with timing during gestation, may impact the neurodevelopmental consequences. As noted above, similar stimuli may induce different CNS phenotypes depending on the timing, severity and repetition of injury administration, and different stimuli may induce very similar CNS phenotypes. This complexity in preclinical models is similar to the wide array of deficits observed in humans who are born very preterm and suffer from a myriad of perinatal insults.
In animals, numerous strategies have been employed to induce inflammation from infectious agents or HI. At the maternal level, inactivated infectious inflammation has been produced with systemic Gram-negative bacterial endotoxin lipopolysaccharide (LPS) administration via intraperitoneal injections, application directly to the cervix, intrauterine injection, or intrauterine infusion either alone [47, 50] or in combination with HI [51] . As LPS does not cross the placenta, intraperitoneal injec-tions in dams are less likely to produce the same fetal inflammatory response and fetal membrane and vessel involvement as the various forms of intrauterine administration. LPS has the advantage over direct infection with typical intrauterine bacteria in that it activates inflammatory signaling through toll-like receptor 4 without causing active bacterial infection and the associated risk of pathogen spread. Similar to studies using LPS as a Gram-negative bacterial analog to induce inflammatory signaling, laboratories have also investigated maternal inflammation with intraperitoneal injections of inactivated group B streptococcus, which causes placental and neuropathological abnormalities and autistic-like behavior in rats [52] . Similarly, Ureaplasma lipoprotein multiple-banded antigen can simulate Ureaplasma species infection -the most common cause of human chorioamnionitis [53] -but preclinical studies of CNS injury using this agent have not yet been performed. As more inactivated infectious agents become available, it will be informative to determine how they differentially impact neurodevelopment and the efficacy of neuroreparative interventions.
In rodents, steps have been taken to make improvements in the delivery of an inflammatory stimulus in the intrauterine environment. We recently developed an in utero rat model of intra-amniotic LPS administration with or without HI that induces molecular, histological and functional abnormalities in mature animals, including a spasticity-like motor phenotype that includes toewalking, ataxia, shorter stride length, gait variability, and inconsistency [54] . Although gait abnormalities are present in mature rats, more prominent early postnatal increases in muscle tone are observed in rabbits exposed to prenatal LPS [47] , illustrating differences amongst preclinical models. Although prenatal HI alone in rats produces motor phenotype with cognitive deficits [44] and a lower seizure threshold [55] , the addition of LPS-induced inflammation encompasses a component of in utero injury commonly found in extremely preterm births [10, 11] . Thus, an inactivated infectious stimulus in the uterus can promote processes that lead to fetal CNS damage [8] . Specifically, multiple pathogens can initiate the intrauterine inflammatory process and support the hypothesis that microorganisms isolated from the uterus increase the risk of white matter damage in preterm infants [8] . Further study is necessary to clarify the degree of placental involvement across species and the relationship between the injury observed, placentation, inherent placental structure, and vascular supply to the fetus.
Precipitating Insult: Inflammation from Infectious Stimuli and/or HI
The induction, evolution and resolution of inflammation in the developing CNS are exceedingly complex and multifactorial. The preterm newborn is capable of intermittent or sustained systemic inflammation that contributes to adverse neurodevelopmental outcomes [56] . Specifically, prolonged, poorly regulated neuroinflammation and inadequate repair are major factors that contribute to chronic deficits [56] . Inflammation in the perinatal brain may persist because inflammation fails to resolve, developmental regulation is insufficient, positive feedback loops between innate and adaptive immune systems are immature, and/or epigenetic mechanisms exist [56] . Notably, preterm newborns are deficient in selected serum anti-inflammatory proteins [57] and have neutrophils resistant to apoptosis that persist and propagate inflammatory signals [58] . The abnormal immune reaction may persist. Monocytes from former preterm children with CP show a heightened response to an LPS challenge compared to monocytes from their preterm peers who have no neurological deficits [59] . Along with limited anti-inflammatory responsiveness, this capacity to sustain inflammation places preterm infants at an increased risk for CNS damage during perinatal development.
In both large and small animal models, the role of inflammation from inactivated infectious agents alone, or in combination with HI, has been controversial. The difficulty arises largely because multiple variables related to experimental design, such as preconditioning and sensitization, alter the observed outcomes [60] . Experimental design factors include the species and age of animals used, type and severity of precipitating insult (including dose, route of administration and dosing regimen) and experimental end points. These various factors make direct study-to-study comparisons challenging [51] . The experimental end points chosen are important because acute and chronic changes differentially affect outcome with respect to myelination, neural cell survival, cellular inflammatory response, and motor function [54] . Undoubtedly, the temporal relationship between LPS and HI insults can be critical [60, 61] . Similarly, differences in dosage can elicit divergent results. Low concentrations of LPS have been reported to reduce damage prior to HI, whereas higher doses (300 μg/kg) have been reported to potentiate HI damage [62] . The reason for this variability may be related to cellular inflammatory responses and individual changes in microglial activation and reactivity. None of the abovementioned models in rodents are clinically relevant to EoP, however, as they occur in postnatal rodents and involve carotid ligation plus systemic hypoxia that results in focal stroke-like pathology, which is uncommon in human preterm infants. In addition, none of these models recapitulate the complexities of the maternal-placental-fetal abnormalities observed in human infants. These models may be useful, however, in addressing important questions regarding systemic inflammation and the molecular mechanisms of cellular sensitization and preconditioning in the immature neuroimmune environment.
Although sheep have a different type of maternal-placental-fetal unit than humans, they do allow more precise studies of physiological manipulation than rodents. In preterm fetal sheep a regimen of acute-on-chronic inflammation is associated with white matter injury and a fetal inflammatory response [63] . By contrast, in fetal sheep at 0.7 GA (broadly equivalent to 28-32 weeks of human development), chronic LPS infusion prior to a period of asphyxia resulted in reduced white matter injury compared to asphyxia alone [63] . Together, these data emphasize the importance of the LPS dosing regimen, time course of injury and route of administration. To facilitate clinical translation, it may be most beneficial to use models that incorporate the placental unit and inflammation from either HI and/or infectious stimuli to better resolve the contribution of chorioamnionitis to brain injury in human preterm birth. A key characteristic of human EoP is that the developing CNS appears to experience sustained and multiple waves of inflammation due to cumulative insults [56, 64] . Animal models of intrauterine inflammation from inactivated infectious agents reveal insight into the molecular mechanisms underlying fetal CNS injury and may be especially relevant to the clinical scenario. Chronic intra-amniotic administration of LPS to fetal sheep induces microglial activation and subcortical white matter injury, with hippocampal and white matter injury occurring independently of gross T2 volumetric MRI changes [49] . Interestingly, a single intra-amniotic bolus of LPS in the prenatal ovine also leads to microglial activation, astrocyte proliferation and increased apoptosis, which are associated with functional EEG changes [65] . Thus, both isolated and repetitive LPS dosages in utero can induce a sustained pattern of CNS inflammation and injury that mimics the damage observed in human preterm infants.
Similarly, the amount of HI injury can also be varied. In sheep, Duncan et al. [66] and Rees et al. [67] have investigated HI in numerous contexts and paradigms, including acute and chronic placental insufficiency. Similar to the gradation of injury found with prenatal transient systemic HI in rats [35] , a relatively prolonged interval of 25 min of umbilical cord occlusion at 0.7 gestation produces a more severe, global HI injury with more robust microglial activation and proliferation, together with white matter injury, EEG suppression and neutrophil influx to the brain [68] . Likewise, we found that increasing intervals of transient systemic HI (TSHI) on E18 in pregnant Sprague-Dawley rat dams induces a graded placental underperfusion defect associated with increasing CNS damage [35] . This timing recapitulates the intrauterine global prenatal insult that occurs in human infants prior to extremely preterm birth at 23-25 weeks' gestation. Previously, we showed that this injury consistently results in white matter astrogliosis, oligodendrocyte loss and axonal disruption in white matter in the cortex similar to alterations observed in human postmortem samples [35] . In this model following injury, O4-immunoreactive immature oligodendrocytes are most affected and their loss correlates with decreased survival and maturation [69] , with the most notable reductions in O4+ and O1+ stages of the lineage [35] , consistent with previous reports by other investigators [70] . This model also demonstrates premature loss of the subplate, reduced KCC2 expression, a lower seizure threshold, and impaired gait [25, 26, 55] . Detailed analyses of other components of EoP, including loss of thalamic and GABAergic neurons and the contribution of placental pathology, is underway. The sustained period of perinatal inflammation and gradation of injury observed in humans, as well as in both small and large mammals from various HI and/or LPS insult regimens, supports the need to identify accurate biomarkers to quantify the extent of ongoing CNS injury in real time in both preclinical models of EoP and preterm infants.
To better mimic the high incidence of chorioamnionitis in spontaneous very early preterm birth [10, 11] and the related impact of infectious stimuli on CNS development, in utero inflammation from intra-amniotic LPS was added to HI during the E18 laparotomy [54] . Acute postnatal ventriculomegaly and subacute gliosis and white matter loss was observed in pups subjected to dual TSHI + LPS and TSHI alone in the first 2 postnatal weeks [54] . Interestingly, sustained myelin basic protein loss and axonal damage was more prominent in P28 juvenile rats from prenatal TSHI alone compared to animals with prenatal TSHI + LPS. Sophisticated, computerized treadmill gait analyses revealed significant motor impairment with increased ataxia, decreased paw area consistent with toe-walking, reduced stride length, and increased step-to-step variability in all P28 animals subjected to LPS alone, TSHI alone or TSHI + LPS. Limitations of this model include potential variation in the extent of HI and reperfusion injury from 286 transient uterine artery occlusion, although all fetuses become evenly dusky after 60 min of TSHI. Also, while no effect was noted with sterile intra-amniotic saline injection used as a control for the LPS, loss of amniotic fluid at the time of LPS injection could potentially occur. Although much more work remains, the prenatal TSHI and TSHI + LPS models meet several of the criteria of an EoP model, including causing loss of neurons, oligodendrocytes and axons, loss of subplate and functional deficits in adults that mimic those observed in children born extremely preterm.
Preclinical models with prenatal injury in rabbits have also reported gait abnormalities, with significant spasticity and abnormalities in tone [47, 48] . Similar to the rat models of prenatal injury [35, 44, 46, 54] , the rabbit model is advantageous because it is a fetal model, involves global CNS injury, spares the dam significant effects, and yields large litter sizes via normal delivery [48] . Rabbits develop and retain motor deficits over the first 3 postnatal weeks. Reduced fractional anisotropy and microstructural abnormalities are also observed with advanced MRI techniques [71, 72] . Although these rabbit models induce similar motor deficits to the rodent models, testing of cognition and behavior (the most burdensome deficits for children who are born preterm) remains challenging in rabbits. Similarly, the contribution of loss of subplate, thalamic and GABAergic neurons following late gestation injury has yet to be investigated well in rabbits or larger mammals. In considering similarities between inflammation induced by HI and infectious insults leading to gait deficits, it is possible that mechanistic pathways diverge in some respects and converge on others [54, 73] . For example, it is possible that HI produces a primary injury to oligodendrocytes and neurons followed by secondary microglial activation, whereas LPS may activate microglia as the primary event followed by secondary injury to surrounding neural cells and the neurovascular niche [47] .
Dissecting how the specific injuries, alone or cumulatively, impact the multiple components of injury in EoP is essential to refining the targets for intervention. In the future, investigations using preclinical models could lead to substantive mechanistic advances in pathophysiology and guide therapeutic strategies with stratification of preterm infant populations.
Conclusion
Our limited understanding of the mechanisms underlying in utero insults that adversely affect neurodevelopment following extremely preterm birth hinders the rational design and use of neonatal interventions to mitigate early CNS injury. Human studies of preterm birth reveal a strong correlation between intrauterine and postnatal inflammation, primarily postnatal HI and subsequent impaired CNS development. Human studies also suggest that different types of injury, alone or in combination, impact the developing CNS via unique mechanisms, and thus preterm infants will most likely require tailored neonatal cocktails of emerging neuroreparative interventions. Given the immense complexity of the human developing CNS and the myriad of insults that affect the maternal-placental-fetal unit, there is no perfect animal model of EoP. However, significant strides have been made over recent years to understand its pathogenesis. While some models may be more or less relevant to the clinical scenario of EoP, each study has advanced the field and improved our understanding of the pathophysiology and potentially viable and safe therapeutic targets such as erythropoietin, N-acetylcysteine and melatonin [74] . As one looks forward, an optimal paradigm will include both rodents and larger animals and subsequent target validation in humans. Preclinical studies provide an essential foundation for carefully conducted clinical studies [38] . Accordingly, progress relies on consistency and selection of the most appropriate model or experimental paradigm for the hypothesis at hand. Given the potential for overlapping mechanisms of infection and HI-related brain injury, placental inflammation and ischemic and inflammatory tolerance are important considerations. Crosstalk and convergent points in the pathophysiology such as toll-like receptors, cytokines and inflammatory cell activation are likely to exist, as do mechanisms for divergence such as erythropoietin receptor expression, repair inflammatory phenotypes and cerebral blood flow autoregulation. Thus, evaluation of the CNS microenvironment and integrated neural components is crucial, as an effective therapeutic strategy or cocktail of interventions for EoP is likely to hinge on the improvement of all neural cells in order to normalize function and repair deficits that prevent children with brain injury associated with prematurity from leading healthy, productive and independent adult lives.
